Submodels are developed for injection, evaporation and wall impingement of a liquid LPG spray. The injection model determines the quality of fuel as two-phase choke flow at the nozzle exit. Wind tunnel experiments show the spray penetration more sensitive to ambient flow velocity than to injection pressure. Most evaporation occurs during choking, while heat transfer from surrounding air has a negligible effect on downstream droplet sizes. Three dimensional simulation shows that the bathtub cavity is better than the dog-dish cavity for stable flame propagation in lean-burn conditions. The injection timing during the IVC period has a negligible effect, while injection during an intake stroke enhances fuel/air mixing to result in more homogeneous cylinder charge.
I. INTRODUCTION
Liquified petroleum gas (LPG) has advantages, such as a high octane number and low emissions, as a clean alternative fuel for internal combustion engines. Over 5 million LPG vehicles are currently on road over the world. Especially, in Korea the number of LPG vehicles has increased from 0.4 million in 1997 to 1.5 million in 2002 due to the relative merits, (1) lower fuel price than gasoline (about one third), (2) smoother ride and lower emissions than diesel vehicles and (3) easier accessibility to fuel stations (about one tenth of gasoline stations in number) than other alternative fuels such as compressed natural gas (CNG).
In spite of the remarkable increase of LPG vehicles, most have been limited to small passenger cars, e.g. taxis or recreational vehicles. They have not yet been in use to replace heavy duty vehicles such as buses, which represent the major source of urban air pollution in Korea.
A recent design concept of a spark ignited LPG engine is to inject LPG into intake ports in the liquid phase rather than in the gaseous phase [1] . The latent heat of vaporization contributes to a higher volumetric efficiency and a lower peak temperature for increased torque and reduced NOx. LPG has a higher vapor pressure and lower viscosity and surface tension than diesel and gasoline fuels. These different fuel characteristics make it difficult to apply the conventional spray models for gasoline and diesel directly to LPG sprays.
The injection process can be described as two-phase choke flow due to a higher vapor pressure of LPG.
Two-phase choke flow cannot be solved analytically because the liquid and vapor phases may not be in thermodynamic or aerodynamic equilibrium. Recently, Aamir and Watkins [2] modeled the LPG injection process under the assumption that the vapor and liquid phases accelerate to the ambient pressure independently. Such decoupling of the evaporation and acceleration processes may, however, lead to an inaccurate flow rate of each phase.
In this paper, the liquid phase LPG injection (LPLI) spray models are developed and validated against measurements in a wind tunnel. The models are then applied to simulation of in-cylinder mixture formation to show the influence of chamber geometry and injection timing on mixture distribution at the end of the compression stroke. Stratified charge with rich mixture near a spark plug is in general favored in lean-burn conditions while well-mixed charge is favored in full-load conditions to achieve a higher fuel efficiency and controlled emissions [3] .
II. SPRAY MODEL
The spray model here consists of three submodels; injection, evaporation and wall impingement. The injection model determines the quality and the temperature and velocity of each phase at the nozzle exit. The quality is defined as the ratio of the mass of LPG vapor present to the total mass of injected LPG liquid/vapor mixture. Once injected, the liquid droplets form a spray and travel downstream undergoing evaporation due to heat transfer from surrounding air. The wall impingement model takes into account possible impingement of spray droplets on the port or cylinder wall. There are no reliable models for breakup by aerodynamic instability and collision/ coalescence for an LPG spray yet. In the present work the droplet size from the nozzle is fixed as constant according to measurement data for simplicity.
INJECTION
There are a few analytical models to determine the two-phase choking pressure. The homogeneous equilibrium model (HEM) [4] may be the simplest one that assumes thermodynamic equilibrium and no slip between phases. The non-homogeneous equilibrium model [5] allows slip between phases, while thermodynamic equilibrium is maintained. On the other hand, the homogeneous nonequilibrium model [6] does not impose thermodynamic equilibrium, while maintaining the same phasic velocities with no slip. Although these three models are based on different simplifying assumptions, they predict almost the same choking condition as subcooled liquid reaches the saturation state with evaporation beginning to occur. The change from the initial state to the choking saturation pressure at the nozzle exit may be modeled as a liquid phase isentropic process, while the subsequent change from the choking pressure to the ambient pressure may be modeled as a flash evaporation process. The modeling concepts here are described schematically in Fig. 1 . Note that flash evaporation cannot be considered as an isenthalpic process due to significant variation in kinetic energy. The quality of injected fuel after flash evaporation can be determined from energy balance as,
where
h P is the latent heat of vaporization at the ambient pressure.
EVAPORATION
Droplets are assumed to be at the saturation temperature corresponding to the ambient pressure. The rate of change of a droplet radius due to evaporation is given by the modified Faeth's model [7] as, 
where U is the absolute relative velocity between ambient gas and a droplet. 
where ( ) P C T is the mass weighted specific heat of vapor-air mixture at ( )
. T and T are the temperatures of ambient gas and a fuel droplet respectively. 
WALL IMPINGEMENT
When the critical temperature of fuel is lower than the wall temperature, droplets can hardly stick to the wall and rebound or breakup after impingement on the wall. For instance, the critical temperature of propane is 369.8K while a typical temperature of a warmed intake port wall is around 500K.
Correlation of the kinetic energy of a droplet before and after impingement on a hot wall is determined by the following formula from experiments and computations [8, 9, 10] .
In Eq. 7, β is the incidence angle of a droplet to the normal vector on the wall. The coefficient κ is a function of the Weber number before impingement and determined by extrapolating the data from Wachters and Westering [10] . There are two different post-impingement behaviors (Fig. 2) ; rebound and breakup according to the Weber number defined in terms of the normal velocity component before impingement as, We
where σ is the surface tension coefficient.
Stable rebound regime (We<80)
With low impingement energy, a droplet rebounds with the normal velocity component in Eq. 7, which is much less than that before impingement. The tangential velocity component is assumed to be invariant.
Unstable breakup regime (We>80)
With the Weber number larger than 80, a droplet spreads out to form a liquid film and breaks into many small droplets due to instability. The breakup process is simplified numerically by splitting the primary parcel into two identical parcels with equal mass and radius. The velocity components are given as follows.
Normal component ( )
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The normal component is determined as a random fraction of that in the stable rebound regime. In Eq. 
III. VALIDATION OF THE SPRAY MODEL IN WIND TUNNEL EXPERIMENTS
Wind tunnel measurements are made for validation of the developed LPG spray models. In the wind tunnel the flow velocity varies from 5.4m/s to 42.4m/s, which correspond to the flow conditions in an intake port. The injection pressure varies from 10bar to 20bar while the fuel mass per injection is kept constant as 38.93mg for all cases. The fuel is LPG for households, which consists of propane with a small quantity of methane, ethane and butane. In this work the fuel is assumed to be pure liquid propane for simplicity. Mie scattered images for spray droplets and shadowgraph images for fuel vapor are obtained to observe the evaporation characteristics. The detailed experimental configuration and conditions are summarized in Fig. 3 and Table I . For all cases, the droplet size at the nozzle and the spray angle are fixed as 25µm and 50° according to data for the reference case.
Measurements show the injection velocity of about 35.7m/s regardless of the injection pressure. Given the injection velocity, Eq. 1 provides the quality after flash evaporation at the nozzle exit. The predicted qualities summarized in Table I show more flash evaporation occurring as the injection pressure increases. 3. SPRAY IMAGES Figure 7 shows the liquid and vapor phase distributions of an LPG spray for the reference case. Note the vapor phase spread out near the nozzle exit. The spray becomes asymmetric due to different drag forces on the top and bottom of the spray in Fig. 7 . Figure 8 shows the phase distributions at 4.4ms after the start of injection for different flow velocities. The injection pressure is fixed at 1.5MPa. The spray becomes more asymmetric as the flow velocity increases in Fig. 8 . Figure 9 shows the images at 
SIMULATION CONDITIONS
The test engine is a heavy duty LPG spark ignition engine modified from a diesel engine. The operating condition is at wide-open throttle (WOT) and 1500rpm, with other details listed in Table II .
An intake port of a shallow ramp helical type is employed for swirl generation. Two different piston cavities, bathtub and dog-dish (Fig. 10) , produce the same compression ratio of 10. The bathtub cavity has a squish area 66% greater than the dog-dish cavity.
Simulation of in-cylinder mixture formation is performed with the injection timings from 74.7CA
BTDC to 224.1CA BTDC for the two piston cavities. The simulation conditions are listed in Table III .
The nozzle in the intake port is the same one used in the wind tunnel experiment. Liquid propane is injected in the intake flow direction so that a large part of injected droplets impinge on the top and side wall of the helical port. The injected droplet size and the spray angle are set as 25µm and 50°, respectively, as in the model validation calculation. The global mean in-cylinder equivalence ratio is unity for all cases. The KIVA-3V code [11] is used with the computational grid shown in Fig. 11 . The number of computational cells is about 150,000 at BDC and 50,000 at TDC with about 34,000 cells of them in the intake port. 
FLOW FIELD
Swirl is the main flow pattern in both piston cavities as shown in Fig. 12 . Figure 13 shows variation of the mean swirl ratio with respect to crank angle for the two piston cavities. The swirl ratio is calculated by the following formula [12] , the dog-dish cavity (case 2) has a stronger swirl ratio than the bathtub cavity (case 1). Although they have the same cavity volumes, the bathtub cavity has a smaller diameter than the dog-dish cavity. The swirl flow generated by the intake port is suppressed by the smaller cavity diameter and the larger squish area of the bathtub cavity. It is due to the flow resistance between the intake port/valve and the piston face, breaking the incoming flow into smaller eddies with a faster decay rate. The swirl ratio increases at the end of the compression stroke to conserve angular momentum in both piston cavities.
As the piston approaches TDC, the piston cavity occupies most of the chamber volume with a reduced diameter and a reduced moment of inertia of the in-cylinder fluid. In Fig. 13 , the bathtub cavity initially has a lower swirl ratio during the intake stoke, while its smaller cavity diameter results in a larger increase of the swirl ratio during the compression stoke. In spite of different swirl ratios, the mean turbulence intensities of the two cases do not show a significant difference in Fig. 14. 3. CHARGE DISTRIBUTION Figure 15 and 16 show fuel droplets and vapor distribution for the case 1 and 2, respectively. The injected droplets impinge mostly on the port wall and enter the cylinder sliding along the intake port.
The droplets go down in a spiral along the swirl motion and evaporate completely around BDC in the cylinder. Fuel/air mixture is stratified more in the radial direction than in the axial direction in the bathtub cavity, while the opposite is true in the dog-dish cavity. Different tumble flow patterns on the axial cross section seem to be responsible for different charge distributions in Fig. 15 and 16 . V i Figure 19 shows the probability that a point in the chamber may be occupied by the mixture of a specific equivalence ratio at the end of the compression stroke. In both piston geometries, the case 1 and 2 show a narrower distribution than the other cases with the injection timing during the IVC period. The intake flow enhances the mixing process with the injection timing during the intake stroke in the case 1 and 2. In the cases 3-6, most injected fuel resides on the intake valve during the IVC period and then enters the cylinder as the valve opens. Intake air follows the fuel to enter the cylinder without much mixing occurring in the port. The density of propane is about twice as large as that of air at the atmospheric condition. The cases with the bathtub cavity show a wider range of possible equivalence ratios than the cases with the dog-dish cavity in Fig. 19 . The difference in the standard deviation, however, is negligibly small in Fig. 17 (1) The penetration of an LPG spray is more sensitive to ambient flow velocity than to injection pressure. The penetration seems to be determined by the drag between droplets and ambient air under the given experimental conditions.
(2) Spray images and calculation results show more flash evaporation occurring at a higher injection pressure. The evaporated fuel vapor tends to reduce the drag between droplets and ambient air. 
